Iron nanoparticles are synthesized and size characterized using HRTEM, FESEM, and XRD. Polyethylene glycol(PEG), carboxymethyl cellulose (CMC), and poly N-vinyl pyrrolidone (PVP) are used as nanoparticle stabilizers. The sizes of Fe nps are found to be 9 nm, 14 nm, and 17 nm ± 1 nm corresponding to PEG, CMC, and PVP stabilizers, respectively. The three different iron nanoparticles (Fe nps) prepared are used as catalysts in the hydrogenation reaction of various substituted aromatic ketones to alcohols with NaBH 4 . The progress of the reaction was monitored using time variance UV spectra. Kinetic plots are made from the absorbance values and the pseudo first order rate coefficient values are determined. Catalytic efficiency of the Fe nps is obtained by comparing the pseudo first order rate coefficient values, times of reaction, and % yield. Fe-PEG nps was found to act as better catalyst than Fe-CMC nps and Fe-PVP nps. Also, effects of substituents in the aromatic ring of ketones reveal that +I substituents are better catalysed than -I substituents.
Introduction
Reduction reactions of carbonyl compounds to primary and secondary alcohols possess one of the important classes of organic reactions that are well used in synthetic chemistry [1] [2] [3] [4] [5] . Such reactions find immense applications in chemical industries related to fine chemicals, pharmaceuticals, perfumes, and agrochemicals. Transition metal catalyzed reduction reactions are considered as popular substitutes of platinum metal based catalysts. Cost effectiveness, abundance, stability, recyclability, environmentally benign, and relatively nontoxic are some of the reasons for the important role of tranisition metals in catalysis. Decades of research involve traditional catalysts for ketone hydrogenation reactions involving precious metals and their coordination complexes [6] [7] [8] [9] [10] [11] [12] . Rhodium and ruthenium complexes using chiral phosphines and amines as ligands show excellent catalytic activity towards asymmetric hydrogenation of prochiral ketones and other carbonyl compounds. However, these catalysts have limited applications because of their high cost and difficulty in the separation of products from chiral catalyst. There have been several attempts to develop iron catalysts for these kinds of reactions, because these would be cheaper and nontoxic [13, 14] . In this regard, Chirik's, Beller's, and Nishiyama's groups have recently reported useful iron catalysts for the hydrosilation of aldehydes and ketones [7, 15] and their transfer hydrogenation. Efforts to find catalysts that do not require noble metals are always required.
With the emergence of the possibility of production of stable transition metal nanoparticles with enhanced catalytic activity, selectivity, and recyclability, it is an additional advantage when such metal nanoparticles are used as efficient catalysts. Particularly for hydrogenation reactions recently, many reports on the use of iron nanoparticles as catalysts have evolved [16] . In reaction catalysis such as asymmetric transfer hydrogenation of ketones, alkene, alkyne hydrogenation, carbonyl reductions, and hydrogenation of several functional groups such as aldehydes, ketones, imines, and amides, iron nanoparticles as catalysts are reported [17] [18] [19] [20] [21] . Ketone hydrogenation reactions have also been reported to be catalysed by Fe nps [14] . The differences in the catalytic activity and in the efficiency of the catalysis of these reactions catalysed by Fe nps can be correlated to the differences in the sizes of the Fe nps used as catalysts. Regarding metal nanoparticles catalysis, aspects on particle size, ratio of surface area to volume per particle, surface exposure of atoms, and so forth prove useful to understand the nanocatalytic chemistry of the process. Zero valent Fe nps in the quantum dot range have been reported to be effective catalysts in many reduction reactions. Synthesis of Fe nps within 1-9 nm sizes are complex and tedious and involve sophisticated steps. In the present work, an inexpensive simple and one step preparation of Fe nps has been attempted and the use of biostabilizers for the Fe nps has been invoked. In many reports polyvinylpyrrolidone (PVP) has been chosen as the stabilizer. Stabilizers with biosource such as polyethylene glycol (PEG) and carboxymethyl cellulose (CMC) are chosen in the present work along with PVP. Aqueous hydrazine solutions as fresh stocks are used as the reducing agent in the iron salt precursor solutions. The sizes of the Fe nps each having PEG, CMC, and PVP as the stabilizer are characterized using XRD, FESEM, and HRTEM measurements. The catalytic hydrogenation reactions of aromatic ketones with various ring substituents are performed using sodium borohydride as the reductant under ambient conditions. For each of the substituted ketone reactants, the progress of the reaction at regular intervals of time was studied using absorbance values at the UV characteristic wavelengths. Pseudo first order conditions are maintained and the kinetic parameters such as the overall pseudo first order rate coefficient values and overall product % yield values are determined by repeating the reactions with the three different Fe np catalysts. The values are compared between the biostabilized and the synthetic polymer PVP stabilized Fe nps. Effects of +I and -I substituents in the aromatic ring of ketone substrates are studied based on the reaction parameters. In all cases, the products are separated and subjected to NMR analysis. The implications of the results obtained are discussed.
Experimental
2.1. Reagents. FeCl 3 (anhydrous), NaBH 4 , aromatic ketones listed in Table 1 were analytical grade reagents and supplied by Sigma-Aldrich, India. The samples were used as such without further purification. The molecular weights of PEG, CMC, and PVP are 57-63, 90, and 40 KD, respectively, and are supplied by SRL, India. The reducing agent hydrazine hydrate, CTAB, and NaOH are purchased from Qualigens, India. Triple distilled water was used wherever necessary.
Synthesis of Iron Nanoparticles.
Fe nps are synthesized using anhydrous FeCl 3 as precursor, hydrazine hydrate as the reducing agent, and PEG, CMC, and PVP as the capping agents. Equal volumes of 0.01 M metal salt, 0.01 M reducing agent, and 3% stabilizing agent solutions are mixed dropwise with constant stirring in a three-necked flask having a total volume of 250 mL. After the addition, 10 mL of 0.01 M NaOH solution was added to maintain basic medium in the range of 10-11. Stirring was continued for 2 hours under nitrogen atmosphere. The Fe nps obtained as black precipitate was centrifuged and washed several times with ethanol and vacuum dried. The size of the particles was characterized using FESEM, HRTEM, and XRD measurements.
Particle Size Characterization.
Powder X-ray analysis (XRD) was carried out using Bruker D8 Advance model diffractometer, operating at 40 kV and 30 mA Cu K radiation with wavelength of 1.54Å and a step size of 0.02 ∘ in the 2 range; 10-80 ∘ was used. Figure 1 presents the XRD profiles of Fe nps. FESEM and HR-TEM of the nanoparticles are measured using SU6600, HITACHI model operating at an accelerating voltage of 100 KV and FEI-TECNAI G 2 , and model-T-30-S-twin operating at an accelerating voltage of 300 kV instruments, respectively. The HR-TEM and FESEM photographs are shown in Figures 2 and 3 . The morphology and the size of the nanocrystallites are measured from HRTEM images. The values coincided with those calculated from Scherrer formula using XRD data. 9.0 nm, 14.0 nm, and 17.0 nm ± 1.0 nm sizes are found for PEG, CMC, and PVP stabilized Fe nps, respectively.
Procedure for Hydrogenation of Aromatic Ketones.
One pot batch reactor type procedure was adopted. Into a 200 mL Journal of Nanoparticles capacity round bottomed four necked flask 1 mg of the nanometal catalyst was added. Freshly prepared 1 mM 5 mL NaBH 4 solution, 0.1 mM of 5 mL aromatic ketone solution, 0.1 mM 2 mL CTAB solution, and 30 mL of triple distilled water were added dropwise from each neck of the flask with continuous stirring. The reaction mixture was maintained at 40 ∘ C for 1 hour. Although the reaction occurred at room temperature (25 ∘ C), slight heating was maintained to ensure completeness of the reaction. At regular intervals of time, small aliquots are drawn out and UV spectra are recorded. The completion of the reaction was noted by the absorbance at the characteristic peak tracing the base line. The H 1 NMR spectra of the products are taken using 500 MHz, BRUK-ERAV III model instrument.
Results and Discussion

Morphology and Size Analysis of Fe nps.
XRDs of Fe nps having PEG, CMC, and PVP as stabilizers are shown in Figure 1 . The peak patterns are assigned to JCPDS data file number 01-1252 [22] [23] [24] . Applying the Scherrer formula to the peak, the sizes of the Fe nps with PEG, CMC, and PVP are found to be 8.5 nm, 13 nm, and 16 nm ± 1 nm, respectively.
In Figure 2 , HRTEM photographs of the Fe nps are given. The particles are spherical and nearly monodisperse. FESEM photographs are shown in Figure 3 . From the HRTEM results, the average size of the particles was found to be 9 nm, 14 nm, and 17 nm, respectively. These values are in agreement with the XRD results. The trend in the sizes of Fe nps with various stabilizers in the increasing order was found to be Fe-PEGnp < Fe-CMC < Fe-PVP. When the interaction between the stabilizer and the metal nanoparticle is more, agglomeration of the particles will be less resulting in smaller sized particles. The formation of smaller sized Fe nps with PEG and CMC stabilizers compared to PVP stabilizer may be due to the strong interaction between the oxy(-O-) group of PEG and the hydroxy group of CMC with the Fe nps than the carbonyl group (>C=O) of PVP. This aspect shows that under similar experimental conditions Fe nps stabilized with biosource produced smaller sized particles with greater surface area than the synthetic polymer stabilizer PVP [25] .
Catalytic Reduction of Aromatic Ketones.
In the absence of Fe nps, reduction of aromatic ketones is quite slow. Thus, a combination of Fe np catalysts and NaBH 4 is necessary to carry out the reduction at 30 ∘ C. All reductions are carried out with excess NaBH 4 and no intermediate product was isolated in any reaction. The products isolated from solvent extraction technique are weighed and % yield was calculated. Using TLC method, in all the reduction reactions the mentioned reduced product constitutes the major content. In Table 1 , the nature of the product, % yield, and times of reaction are listed for the three types of Fe nps employed as catalysts. Fe nps stabilized with PEG, CMC, and PVP act as efficient catalysts in the reduction of aromatic ketones in the presence of NaBH 4 aqueous solutions. In all the reductions listed in Table 1 , Fe nps stabilized with PEG act as efficient catalyst than CMC and PVP stabilized Fe nps in terms of times of reaction to achieve nearly 80% yield. When the nanoparticle sizes are compared, it may be seen that Fe-PEG nps are smaller than Fe-CMC and Fe-PVP. Thus larger surface area to volume ratios is produced [26] . In addition, PEG and CMC polymers possess more oxy(-O-) and hydroxyl (-OH) functional groups that efficiently bind the nascent hydrogen (1) (6) (7) (8) (9) (10) (1) (6) (7) (8) (9) (10) (1) (6) (7) (8)
(c) produced by NaBH 4 solution through H-bonding. PEG and CMC exhibit H-bonding forces in addition to the capping and stabilizing effects of the Fe nps. In the case of PVP stabilized Fe nps, the carbonyl groups are engaged in stabilizing forces, while pyrrole ring nitrogen exhibits weaker Hbonding interaction with the nascent hydrogen produced by NaBH 4 solution than PEG and CMC nanoparticle stabilizers.
Kinetic Analysis.
In Figure 4 , time dependent UV spectra for six aromatic ketones chosen to represent the various substituents in Table 1 are given. Using time dependent UV spectra measurements, the absorbance versus time plot were made. The kinetic plots for the pseudo first order rate coefficient determination are produced by plotting logOD 0 /OD versus time. Such plots are presented in Figures 5 and 6 , Journal of Nanoparticles 9 respectively. The slopes of the linear plots are multiplied by 2.303 and produced the rate coefficient values. After the completion of the reaction the reaction mixture was filtered to remove the catalyst and the secondary alcohol products are extracted out using excess diethyl ether followed by evaporation with added anhydrous Na 2 SO 4 to remove moisture. From the total amount of the product obtained, % yield was calculated. In Tables 1 and 2 , % yield, the overall pseudo first order rate coefficient values, and times of reaction are given for various ring substituted aromatic ketones. The data indicate that the novel metal nanoparticle catalyst shows good catalytic performance for most of the aromatic ketones.
Effect of Aromatic Substituents.
In Table 1 , aromatic ketones corresponding to entries 3 and 7 contain osubstituents and show the effect of steric bulkiness on the catalysis performed in this work. Even for the o-substituents it may be seen that appreciable conversions and % yields are found out. Also among the % yield values reported psubstituents in the aromatic ring reactants have generated higher values than the o-substituted counter parts. Also when the substituents have +I effect (electron releasing nature) better and higher % yield values are found compared to -I substituents (electron withdrawing nature) in the aromatic ring.
The electronic effects and the metal nature in a combined way produce such experimental results. However the nature of the biostabilizer also influences the catalytic activity. From the values in Table 2 , it may be seen that PEG biostabilized Fe nps show higher catalytic performance than the CMC stabilized ones. Higher rate coefficient values proportionate to the higher catalytic activity. Keeping all other conditions constant, the trend in the catalytic efficiency of the as synthesized Fe nps can be noted as PEG > CMC > PVP, nanoparticle system. In all cases only single products are detected. The alcohol products isolated are characterized by H 1 NMR spectra. The catalyst recovered after the completion of the reaction was dried well and recycled several times in many reaction repetitions. It was found that the rate coefficient values and the % yield started to drop from fifth and sometimes sixth run onwards. When the catalyst recovered after the fifth run was examined under FESEM, intensely agglomerated particles are detected. This effect explains the loss of catalytic activity after fifth or the sixth run.
Conclusions
In conclusion, Fe nps are prepared with PEG, CMC, and PVP as stabilizers and are successfully used as catalysts for the hydrogenation of various substituted aromatic ketones, under mild and ecofriendlier experimental conditions. The resulting products from each run are easily separated from the catalyst system by extraction method. The catalyst recovered was reused in five or six times. Even-I effect substituents in the ketone produced appreciable yield values. The trend in the catalytic activity among metals falls in the line of decreasing size effect of the nanoparticles. That is, the order of the nanoparticle sizes increase as Fe-PEG < Fe-CMC < Fe-PVP. Fe-PEG produced smaller sized particles and produced higher performance than Fe-CMC and Fe-PVP nanoparticle systems. The biostabilised cost effective Fe nps have proved to be a better choice among the various catalysts available for the reduction of aromatic ketones.
